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Estimating velocity ratio in marine sediment
Richard T. Bachman

aval Ocean Systems Center. San Diego. California 92152-5000

(Received 24 March 1989; accepted for publication 17 July 1989) -,

'Presented in this letter are least-squares regression relationships between velocity ratio (R: the

ratio between surficial sediment sound speed and bottom water sound speed) and sediment
mean grain size (Mz, phi units), porosity (ii, %), and density (p. kg/rO). The relationships
are: R 1.29 -. 6.01 X 10-f'Mz + 2.83 X10 3 Mzi-R = 1.675 -1639 X 10' 77 --1.

- + 9.762 x0 77-';and R = 1.513 -'8.24X 10- p 3.2249 x0-p-. These equations.
respectivelv, explain 91.6%, 88.0%. and 86.4% of the variation observed in velocity ratio.
Velocity ratio relationships are more convenient than those previously availabie because they
do not require temperature and pressure correction to in situ conditions. ' _

PACS numbers: 43.30.Ma -

INTRODUCTION volume percent of voids in the sediment). Hamilton's equa-
tions are useful because sediment physical property mea-
surements are frequently available when acoustic measure-

For more than a decade, workers have used Hamilton's ments are not. However. to be used in acoustic propagation
equations (Hamilton. 1970, 1974: Hamilton and Bachman, studies, laboratory sound speed (23 *C, I-atm pressure)
1982; Bachman, 1985) to estimate the speed of sound in must be corrected to in situ conditions.
seafloor sediment when measurements were not available. A more convenient method is to construct regressions
These empirical equations relate sound speed at laboratory relating the ratio [ (sound speed in sediment)/(sound speed
conditions to mean grain size, density, and porosity (the in seawater) Ito appropriate physical properties.This ratio,
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hereafter called "velocity ratio" or "ratio," is constant for a Sediment density was determined by weighing the
given sediment sample: It is the same in the laboratory as it is known volume of sediment obtained using a stainless steel
at the seafloor at any water depth. See Hamilton ( 1971 ) for tube. Porosity was measured by drying the density sample
the theoretical and experimental background. To determine and determining the void volume from the weight of water
in situ surface sediment sound speed, one simply multiplies lost. Porosities were corrected for the salt content of the pore
the speed of sound in the bottom water at the desired loca- water.
tion by the velocity ratio. In surficial sediment, grain size,
density, and porosity do not vary significantly with tempera- II. REGRESSION ANALYSIS
ture and pressure (Hamilton, 1971), so these estimators Weighted regression analysis produced the following
may be used as measured in the laboratory. equation relating mean grain size in phi units to velocity

This letter presents regression equations relating veloc- ratio (R):
ity ratio to sediment mean grain size (Mz), density (p), and
porosity (7). The samples are widely distributed geographi- R = 1.296 - 6.01 X 10

-
2 Mz + 2.83 X 10 - Mz 2. (7)

cally and are from continental terrace, abyssal plain, and Mean grain size measurement efficiencies were expressed as
abyssal hill environments. The terrace environment is com- decimal fractions and used as weights. This equation ex-
posed of continental shelves and slopes. The samples are ter- plains 91.6% of the observed variation in the velocity ratio.
rigenous, or nonbiogenic pelagic seafloor sediment. A weighted regression approach was taken because the inde-

pendent variable was estimated using several different equa-
tions [ (l)-(6) ].

I. LABORATORY MEASUREMENTS In contrast to mean grain size, sediment density and

The measurements used in this letter are thcse listed and porosity are direct measurements and are expected to have

discussed in Hamilton and Bachman (1982) and Bachman approximately constant variances. Therefore, unweighted

( 1985). The information presented here supplements the re- regression analysis was used to relate velocity ratio to poros-

lationships between sediment properties discussed in these ity (expressed as a percent) and to density (kg/m 3 ). The

and earlier papers. Sound velocity was determined by mea- equation for porosity is

suring temperature and sound speed in a sediment sample. R = 1.675 - 1.639x 10 -
2 77 + 9.762 x 10- 5 

72, (8)
These velocities were corrected to 23 °C and I-atm pressure which explains 88.0% of the observed ratio variation. The
using tables for the speed of sound in seawater (Bialek, equation for density is
1966). Velocity ratio was determined by dividing sediment
sound speed at 23 C by the speed of sound in seawater at R = 1.513 - 8.24x p - 3.2249 (

23 °C, I-atm pressure, and of the same salinity as the bottom Equation (9) explains 86.4% of the variation observed in
water at the sample site. velocity ratio. The data for thesc regressions and the result-

Grain size distribution was determined using the pipet ing equations are illustrated in Fig. 1.
technique for the silt and clay sample fraction (Krumbein Table I shows statistics for each regression equation.
and Pettijohn, 1938) and a settling column for the sand frac- This table also contains the elements of a matrix (C) useful
tion (Emery, 1938). Mean grain size was obtained from the in calculating the variance of velocity ratio estimated for a
cumulative grain size curves using one of the following equa- particular value of the independent variable (Draper and
tions: Smith, 1981, p. 210):

Mz=50: 64%, (1) [=]

Mz = (030 + (50 + 0570)/3: 82%, (2) [Xo

Mz = (#b25 + d50 + 75)/3: 86%, (3) where X0 is the value of the independent variable, and s2 is

Mz = (620 + 650 + 080)/3: 88%, (4) residual mean-square error (from Table I). The square root

Mz = (#16 + 050 + 084)/3: 88%, (5) of the variance is the standard error of the estimate of the

Mz = (010 + 030 + 050 + 070 + 090)/5: 93%. (6) true value of velocity ratio.

The notation On means the grain size in phi units corre- I1. DISCUSSION
sponding to the nth percentile [0 = - log2 (grain size in It is instructive to compare the use and results of the
mm)]. The percentage following each equation is the effi- equations presented here with Hamilton's. For example,
ciency of the equation at estimating the moment mean consider an abyssal hill silty clay of 8.76 phi mean grain size,
(McCammon, 1962). The equation used for a particular a porosity of 81.2%, and a density of 1.344 g/cm3 (the aver-
sample depended on the availability of the appropriate cu- ages for this sediment type; Hamilton and Bachman, 1982,
mulative percentages. Equations (1), (5), and (6) are re- Tables III and IV). Assume that this sediment was recov-
viewed by Folk ( 1966, p. 81 ). Equation (4) was suggested ered from 6000-m depth where the bottom water salinity is
by McCammon (1962). Equtions (2) and (3) were intro- 34.69 ppt, and the temperature is 1.5 T. The bottom water
duced to permit computation of Mz when the measured size sound speed is 1559.8 m/s in situ, and 1529.7 m/s at 23 T
distribution did not permit the use of Eqs. (4), (5), or (6). and I-atm pressure (Hamilton, 1971, p. 272).
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Equations (7)-(9) predict sound-speed ratios of 0.987, Hamilton's equations (Hamilton and Bachman, 1982,
0.988, and 0.988, which, when multiplied by 1559.8 m/s, p. 1902) for abyssal hill sediment predict laboratory sound
indicate in situ sediment sound speeds of 1539.5 and 1541.1 speeds of 1504.9, 1506.3, and 1506.4 m/s from mean grain
m/s. The variance of the predicted ratios is between 1 and size, density, and porosity, respectively. The standard errors
2X 106, which equates to a standard error of 0.001, or for these predictions are 12, 13, and 13 m/s. The sound-
2 m/s in situ. speed ratios are 0.984 and 0.985, with a standard error of

0.008. These ratios indicate in situ sound speeds of 1534.8
and 1536.4 m/s, with a standard error of 12 m/s.

TABLE I. Regression coefficients and associated statistics. Thus the equations presented in this letter produce re-
sults that are close to Hamilton's and offer an improvement

Ratio =f(mean grain size, phi units) in the standard error of the estimates. This discussion also
Regression coefficients and standard errors
B,, = 1.296. s.e. = 6.4823 I0-i

,  illustrates the savings in computation afforded by directly
B, = -6.01 X I0-, s.c. = 2.2124x 1o-, predicting sound velocity ratio.
B = 2.83x 10 -  , s.c. = 1.7496 x 10- I,

IV. CONCLUSIONS
residual mean-square error = 0.0003

regression F estatistic 2823: number of points = 523 Because it eliminates the need to correct for temperature
matrix C = and pressure differences, velocity ratio is a more convenient
-5.1767 10- 1.825 17 -I .4240X 10-' measure of surficial sediment sound speed than is sound

3.8875 x 10-  - 1.4240X 10' 1.1413X 10-' speed in the laboratory. Equations (7)-(9) provide a means
to estimate easily velocity ratio from sediment density, po-

Ratio =f(porosity, %) rosity, and grain size distribution. Frequently, one of these is
regression coefficients and standand errors available when acoustic measurements are not.
B, = 1.675. s.e. = 2.1013x 10-, It must be emphasized that these regression relation-
B, = - 1.639x 10--. s.e. = 6.7058x 10-, ships are for surficial, unconsolidated sediment only (i.e.,
B., = 9.762x 10- 5, s.e. = 5.1822X 10- 6, within a few meters of the seafloor for silts and clays, and

residual mean-square error = 0.0004 within a few tens of centimeters of the seafloor for sands). It
regression Fstatistic = 1876: number of points = 515 must also be emphasized that these relationships are for sedi-
matrix C = ments composed dominantly of solid particles: Hollow bio-

.14.6325 3.632x 16 0- 10 - 829 -0 genous grains behave differently (e.g., Hamilton et al., 1982;-3.6325 x 10-2 1. 1680x 10 -' - 8.9829x× 10- 4'

2.761910'- - 8.9829x 1O-  6.9752x 10-' Bachman, 1984).
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